In this paper, we rely on the formation of novel macroporous polystyrene (PS)/silica masks to prepare two-dimensional (2D) arrays of metallic split ring (SR) and full ring (FR) microstructures on silicon substrates. In these PS/silica porous templates, 2D silica particle arrays were made to anchor on silicon wafers on which PS membranes with 2D pore arrays are molded and made movable via a fluid flow perturbation after partial etching of the silica particles. By using the porous masks in combination with physical deposition, both metallic FRs and SRs on silicon substrates can be prepared. The obtained SRs have a nearly U-shaped cavity and a circular outer profile. The present method could open an alternative but low-cost and parallel approach for obtaining artificial magnetic metamaterials operating in near infrared.
Introduction
Metal mesoscopic ring-shaped microstructures are becoming more and more important because of their interesting physical properties. Persistent current in metallic rings at low temperature, 1) tunable electric dipole resonance in noble metal mesoscopic rings, 2) and stable magnetic states in magnetic nanorings 3) are just a few examples found in the literature which have been observed in such nanostructures. Very recently, metallic split rings (SRs) have attracted even greater interest from scientists, owing to their interesting electromagnetic (EM) properties. 4, 5) In a pioneering work, 6) Pendry et al. predicted that the resonant magnetic response of EM waves with a negative magnetic permeability < 0 could be realized using nonmagnetic metallic SRs as resonators. The theoretical prediction was subsequently verified in the microwave [7] [8] [9] and terahertz regimes. 10, 11) Most importantly, the resonance frequency has been shifted further to infrared and telecommunication spectrum regions by scaling down the sizes of the microstructures. [12] [13] [14] To facilitate miniaturization, the initial double SR geometry [7] [8] [9] [10] [11] has been simplified to a single SR element. [12] [13] [14] It is further noted that the magnetic-dipole wavelength of square Ushaped ring resonators can be tuned by almost a factor of two by controlling the depth of the ''U''. 15) Standard lithographic techniques including focused ionbeam writing, electron-beam lithography, and other microfabrication methods have been used to create ring-shaped full ring (FR) and SR nanostructures. 3, 13, 15, 16) While these techniques can be used to produce surface nanostructures with controlled feature size and spacing, they have limitations of low sample throughput and high cost per nanostructure. To circumvent the limitations of the microfabrication methods, several parallel nanolithography methods using natural masks with nanometer-scale periodicities have been exploited. For example, nanorings can be made using templates such as nanosphere templates 3, 17, 18) and porous templates. 19, 20) The preparation of random arrays of metal crescent nanoparticles was also reported using a randomly dispersed submonolayer of polystyrene (PS) nanospheres as colloidal templates. [21] [22] [23] Although the method is versatile and allows control over the structural parameters such as the diameter, thickness, and gap size of the crescent shape, it cannot be implemented for the preparation of the densely ordered crescent nanoparticle array owing to aggregation problems of colloids.
22)
Recently, Giersig and co-workers 24) have reported the fabrication of nanorings using annealed two-dimensional (2D) hexagonal-close-packing (HCP) PS nanosphere masks. The formation of the ring-shaped microstructures benefits from the presence of nanoapertures among touching PS spheres after annealing and rotation of the template substrate during target-material deposition. In addition, Xia and his co-workers demonstrated an edge-spreading lithography that develops the outer profile of silica spheres (serving as physical guides) to generate mesoscopic ring structures on silicon substrate. 25, 26) A key feature of using nanosphere self-assemblies as templates is that these surface nanostructures are ordered over a large distance and are highly uniform and, in principle, can allow the preparation of rings with sizes from microns to nanometers. Recently, nanosphere lithography has been further extended to prepare more complex structures such as nanooverlaps, nanogaps, and nanochains by multiple deposition at different angles 27) and to fabricate nanocups and nanorods by rotating the substrate in angle-resolved nanosphere lithography (NSL). 28) However, all these reported methods that are successful for the preparation of symmetric FRs cannot be exploited for the fabrication of SR arrays.
In this work, we rely on the formation of a new type of macroporous PS/silica mask to prepare 2D arrays of metallic SR and FR microstructures on a silicon substrate. Our PS/silica porous templates were prepared by first forming a macroporous PS membrane by templating against an array of silica particle templates anchored on a silicon wafer, followed by a partial etching of silica particles. The PS/silica porous template obtained in this way consists of a 2D array of silica pillars fixed on a silicon wafer and a movable porous PS membrane with an array of throughpores. A key feature of our organic/inorganic masks is that the silica pillars can be located at the centers of the circular pores or made in contact with pore walls of the PS membrane via fluid flow perturbation. The SRs prepared using the present method have a U-shaped cavity like those nanometer metallic SRs required for metamaterials 13, 15) and a circular outer profile. The present modified nanosphere lithography approach includes PS molding, silica etching, and metal physical deposition, all of which are low-cost processes. We anticipate that the present method could open an alternative but low-cost and parallel approach for obtaining artificial magnetic metamaterials with subwavelength spatial features.
Experimental Procedure

Materials and characterization
Commercially-available hydrofluoric acid (HF, 40%), chloroform (CHCl 3 , 99.0%), toluene (C 6 H 5 CH 3 , 99.5%), acetone (CH 3 COCH 3 , 99.5%), ethanol, and deionized water were used in the experiment. Monodisperse silica microspheres of 1550 nm diameter (size dispersion of 1.9%) were purchased from Duke. Before use, the aqueous dispersion solution of silica beads was diluted with deionized water. Scanning electron microscopy (SEM) was carried out uisng FEI Philips XL-30.
Outline of the process for fabrication of metallic FR
and SR microstructures To implement our method, arrays of isolated silica particles fixed on a substrate are prepared to serve as the key templates. To prove the feasibility of our approach, we start with the use of 2D HCP silica spheres as the primary templates. Figure 1 shows the outlines of the fabrication processes, together with the SEM images of the templates obtained at the intermediate steps.
First, 2D HCP colloidal crystals on silicon wafers are formed via a convective self-assembly method. 29) In brief, an aqueous solution of colloidal dispersion with a suitable concentration is injected into a channel that was formed using a glass slide and a parallel silicon wafer mounted as the bottom side, which are separated by spacers. 29) After drying in air, highly ordered 2D colloidal crystals can be grown within the channel under capillary force.
Next, the monolayer silica colloidal crystals are annealed for 15 min at 1250 C, slightly above the softening point of silica beads ($980 C), to create rigid connections among adjacent silica spheres as well as spheres with the silicon substrate (Fig. 1, step a) . Then the annealed silica templates are put in HF vapor, which is produced from a 40% aqueous solution of HF at room temperature, to obtain a nonclosepacking (NCP) silica particle template (Fig. 1, step b) . 30, 31) The SEM image (tilted view) of a typical NCP silica template is shown in Fig. 1(h) , from which it is seen that the silica particles take an ellipsoidal shape, and although reduced in size after partial dissolution, they are maintained in their original positions via silica nanolegs anchored onto the substrate. Note that some ellipsoidal particles in Fig. 1(h) are missing or have fallen onto the substrate owing to over etching of their legs.
A second annealing of the monolayer NCP silica colloidal crystals at 1300 C for 10 min is performed to convert the balloon-shaped silica particles into pillbox-shaped silica particles (Fig. 1, step c) . The SEM image (tilted view) of a typical template obtained at this step in Fig. 1(i) shows that the silica particles are integrated well with the planar substrate with side walls normal to the substrate, which is important for the fabrication of FRs or SRs as seen in the following. It should be pointed out here that the fabrication procedure could be simplified through a direct utilization of monolayer NCP silica colloidal crystals that can be prepared by spin coating 32) or a lift-up soft lithography, 33) or possibly through the formation of silica counterparts of silicon nanopillars, 34, 35) which could circumvent the necessity of the above procedures (a) and (b).
In the following micromolding process, the surrounding regions between silica pillboxes are filled with polymer to a thickness smaller than the height of the silica pillars (Fig. 1,  step d) . To avoid the silica template being totally covered by PS matrix, the silicon wafer is clamped with a glass slide, put in parallel with the silica template facing the glass slide, to form a narrow channel. A certain amount of chloroform solution of PS with a concentration of 3 mg/mL is injected into the channel. After total evaporation of the solvent, a PS/ silica composite medium is formed.
In the next steps, thin porous polymer/silica membranes are created when the composite templates are put again in HF vapor for a further partial etching of the silica templates. This can lead to a ring-shaped pore array (Fig. 1, step e) in PS films. The symmetric pores can be further changed to eccentric ones using fluid flows, i.e., by dipping the entire structure in ethanol and then pulling it out slowly (Fig. 1,  step f) . The success in each case is confirmed via the typical SEM images (tilted view) of the resultant templates shown in Figs. 1( j) and 1(k). Figure 1( j) shows a templated PS film with well-defined and uniform piercing nanoholes containing a concentric silica nanopillar in each hole, whereas in Fig. 1 (k) the silica pillars are offset from the centers to the edges of circular holes in the PS membrane. In the later case, a mask containing an array of crescent pores instead of symmetric ring-shaped ones is formed. After that, a thin layer of metal is sputtered onto the macroporous template (Fig. 1, step g ). Metallic FR and SR microstructures are obtained after the removal of the residual silica particles and PS membrane, using HF aqueous solution and a mixed solution of toluene and acetone, respectively.
Results and Discussion
Without loss of generality, we chose gold FRs and SRs as examples to demonstrate the feasibility of our method. Figure 2(a) shows the SEM image of a Au FR array on a silicon substrate, which was prepared by sputtering a 40-nm-thick gold layer onto a macroporous PS/silica mask containing a symmetric ring pore array, followed by dissolutions of the host PS/silica porous matrix. The Au FRs are relatively uniform in size and are aligned well with a periodic distribution. Although the ordering of the primary silica sphere template was quite good, the ordered grains obtained after the above multiple treatments were typically less than 100 mm across, resulting in a short-range ordered microstructure.
Shown in Fig. 2(b) are crescent-shaped Au particles distributed periodically on a silicon substrate, which were formed in the same way as those in Fig. 2(a) , except that a macroporous PS/silica micromold containing an array of crescent ring pores was used as the mask during Au deposition. Compared with the FR-shaped particles shown in Fig. 2(a) , these symmetry-reduced metallic particles have a meniscus shape with its concave and convex edges terminating at two points, thus forming SR morphology. It is noted that owing to a shadow effect in the Au deposition process, the cavities created in the SRs exhibit a U-like shape instead of a circular cavity [ Fig. 2(b) ].
The structural parameters of FRs and SRs are dictated by the sizes of the NCP silica pillboxes and the residual silica pillars after etching. In the procedures adopted above, these should be controllable separately by monitoring the etching durations of silica templates before and after polymer penetration. Figure 3 shows the SEM images of a series of porous PS/silica masks with concentric (top row) and crescent ring-shaped apertures (bottom row) on a silicon substrate. Here, for the preparation of those masks in the first row, the etching duration was kept the same before PS infiltration but increased after PS infiltration. The templates in the second row were prepared through the same process as Fig. 3(c) , which shows that the diameter of the silica pillars was decreased from 700 to 150 nm by putting the PS/ silica composite template in HF vapor for 2 min. The present method can allow a large variation of the inner/outer size ratio of the metallic SRs, which should be quite useful for tuning their optical properties. Figure 4 shows the SEM images of two arrays of Au SRs having different outer boundary dimensions and inner cavity sizes. Compared with those shown in Fig. 2(b) , these Au SRs have a much smaller cavity as they were prepared by a sufficient etching of the segmented silica spheres after PS infiltration. This treatment will create Au microdisks with a small indentation. It is noted that during the templating process, the Au ''caps'' formed on top of the residual silica pillars could fall onto the substrate after a complete removal of the silica template, such as the one indicated by the arrow in Fig. 4(a) . To remove these caps, an ultrasonic rinse could be performed.
It is found that the cavity opening widths of the prepared Au SRs have a relatively large distribution as compared with those made by photolithography or microfabrication techniques. This is mainly due to the multiple steps adopted here for obtaining a NCP silica particle array, a key template of our method. This multiple procedure leads to a large increase in the size polydispersion of the obtained silica particle templates as well as a substantial decrease in the ordered area in comparison with the initial 2D silica colloidal crystal templates. However, the present approach could become a low-cost, high-throughput fabrication technique for the preparation of SRs when alternative or controllable self-assembly methods are developed to prepare a sublayer of NCP particles.
Conclusions
In summary, we have demonstrated a feasible method of fabricating submicron metallic SRs as well as FRs on a silicon wafer, using a combination of nanosphere lithography, PS molding, silica etching, and metal physical deposition. The prepared metallic SRs have a U-shaped open cavity and a circular outer profile. Our method can be readily extended to other types of metal, such as magnetic metal materials, provided that the etching of the masks does not affect the metal.
